Organophosphorus pesticide dimethoate was adsorbed onto gold nanospheres and nanorods in aqueous solution using batch technique. Adsorption of dimethoate onto gold nanoparticles was confirmed by UV-Vis spectrophotometry, TEM, AFM, and FTIR analysis. The adsorption of nanospheres resulted in aggregation which was not the case with nanorods. Nanoparticles adsorption features were characterized using Langmuir and Freundlich isotherm models. The Langmuir adsorption isotherm was found to have the best fit to the experimental data for both types of nanoparticles. Adsorption capacity detected for nanospheres is 456 mg/g and for nanorods is 57.1 mg/g. Also, nanoparticles were successfully used for dimethoate removal from spiked drinking water while nanospheres were shown to be more efficient than nanorods.
Introduction
Organophosphorus pesticides (OPs) are commonly used in agriculture [1] . Dimethoate (Scheme 1) as one of the major OPs is widely used in the fruit and field crops to promote the development of agricultural production because of its low persistence and biodegradation [2] . Still, extreme use of dimethoate could lead to excessive residues accumulating in the environment and in human body through the food chain and could cause death [3, 4] . For these reasons, there is the necessity of the efficient removal of OPs in order to control the levels of these compounds in food and the environment, especially drinking water resources.
One of the main strategies for removal of pesticides from water is the adsorption on different types of materials [5] . Numerous studies can be found in the literature reporting OPs adsorption on mineral surfaces [6, 7] , carbon-based materials [8] [9] [10] , and materials from graphene family [11] . Nowadays, application of nanoparticles (NPs) in environmental remediation such as water purification by removal of OPs is significantly progressing because of nanomaterial chemistry advantages with respect to conventional technologies [1, 12] . NPs owe their potential to the high active surface area and surface reactivity compared to conventional bulk materials [5, 13] . Noble metal, mainly silver and gold, nanostructures have been used for water purification particularly because the chemistry occurs at room temperature and, with high efficiency, the chemical procedures involved are simple, so they can adsorb the pesticide molecules with ease which is making this process highly practical [1, 5] . Nanosilver and nanogold bioconjugate synthesized on the surface of fungal strain Rhizopus oryzae were used for removal of various organophosphate pesticides [14, 15] . It was shown that silver and gold nanospheres, bare and supported on alumina, adsorb organophosphorous pesticides chlorpyrifos and malathion. These features of nanoparticles present a convenient and cost-effective system for the removal of pesticides from drinking water [1, 16] . Gold is not cheap material and still it possesses properties as robustness and unique spectral characteristics. The spectral characteristics of gold nanoparticles are more pronounced than those of their silver counterparts. The change in dielectric constant
Experimental

Chemicals and Materials.
All the chemicals used were purchased from Sigma Aldrich Co., St. Louis, MO. 400-mesh Cu grid coated in a thin layer of carbon was purchased from Ted Pella, Inc., Redding, CA. MICA was purchased from SPI Supplies, West Chester, PA. Milli-Q deionized water used had 18.2 MΩ electrical resistivity.
Synthesis of Gold Colloids
Synthesis of Gold Nanospheres.
Colloidal dispersion of gold nanospheres (AuNSs) was prepared using a reduction of precursor salt (HAuCl 4 ) solution by sodium citrate, as described elsewhere [22, 23] . In a typical synthesis, 200 mL of 1 mM HAuCl 4 solution was stirred and heated in a roundbottom flask, fitted with a reflux condenser. After the solution reached the boiling point, 10 mL of 38.8 mM sodium citrate was rapidly added. The colloidal dispersion was boiled and stirred for additional 15 min and then cooled down to room temperature with continuous stirring. The final concentration of Au in colloidal dispersion was found to be 0.91 mM (179 mg/L).
Synthesis of Gold Nanorods.
Colloidal dispersion of gold nanorods (AuNRs) was prepared using a seed-mediated growth approach [24] . Colloidal gold seed solution was first prepared as follows: 5 mL of 200 mM CTAB solution was added to 5 mL of 0.5 mM HAuCl 4 solution. Next, 0.6 mL of ice-cold 10 mM NaBH 4 (reducing agent) solution was injected into the yellow solution all at once while stirring vigorously. Stirring was stopped after 2 min. The color of seed solution was changed to brownish-yellow and was stable for 2 hours. In the next step, the stock solution was prepared as follows: 0.25 mL of 4 mM AgNO 3 solution was added to 5 mL of 200 mM CTAB solution and gently mixed in order to add 5 mL of 1 mM HAuCl 4 solution. All solutions, other than those of gold and CTAB, were prepared fresh daily. The yellow stock solution became colorless, after adding 70 L of 78.8 mM ascorbic acid. Thereafter, 10 L of seed solution was added to the stock solution. CTAB solution crystallizes at 25 ∘ C so colloid was synthesized in the temperature range from 27 ∘ C to 30 ∘ C to ensure proper nanorods growth. A violet-blue color appeared within 15-20 min. Rods were concentrated and separated from spheres and surfactant by centrifugation (10000 rpm for 15 min). After centrifuging, the surfactant was removed and the precipitate was further redispersed in deionized water. The final concentration of Au in colloidal dispersion was found to be 0.01 mM (2 mg/L).
Characterization of AuNPs and Their Dimethoate Conjugates.
The NPs interactions with dimethoate were characterized using UV-Visible (UV-Vis) spectroscopy (Lambda 35 UV-Vis Spectrometer, Perkin Elmer, Inc., Waltham, MA, USA). All spectra were background-subtracted against deionized water, which is the reaction solvent. Over a period of 24 hours, spectra were recorded. Transmission electron microscope (TEM) images of the NPs and NPs-dimethoate assembly were obtained using TEM, JEOL JEM-1400 (Jeol Ltd., Tokyo, Japan) operated at 120 kV. A total of 5 L of the reaction solution was pipetted onto the surface of a 400-mesh Cu grid coated in a thin layer of carbon and allowed to dry on the air. Atomic force microscopic (AFM) images of AuNPs in the absence and presence of dimethoate were recorded using Multimode Quadrex SPM with Nanoscope IIIe controller (Veeco Instruments, Inc., Camarillo, CA), at room temperature, using AFM-FM technique and force modulation probe holder with a piezoelectric bimorph and a commercial Veeco FESP probe with a cantilever. Mica substrates were prepared for imaging as follows. Freshly cleaved mica was modified with a 100 L deposit of 0.01% 3-(aminopropyl)-triethoxysilane (APTES) solution. After a 20 min incubation period, the mica surface was rinsed six times with 1 mL aliquots of water and dried with compressed nitrogen [25] . A drop of 10 L suspension of AuNPs without and with dimethoate was deposited on mica surface and incubated for 30 min, followed by repeated washing with deionized water to remove any unbound materials and dried in air for AFM measurements [26] . Fourier transform infrared (FTIR) spectra of dimethoate as well as dimethoate in the presence of Au nanoparticles were recorded on Nicolet IS 50 FT-IR Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Samples were prepared by dripping the solution on glass slides and left to dry on the air. Samples were analyzed at ambient conditions in the mid-IR region (400-4000 cm −1 ). 
where is the equilibrium concentration of dimethoate (mg/L), V is the volume of the solution (L), and W is the weight of the gold nanoparticles as an adsorbent (mg). In all experiments the volume of the solution was 1 mL.
Results and Discussion
Spectrophotometric Analysis of AuNPs and Their Conjugates.
Adsorption of dimethoate on gold nanoparticles (spheres and rods) was first followed spectrophotometrically. Figure 1 shows the changes in the absorption spectra of gold nanoparticles upon exposure to 0.5 × 10 −3 M dimethoate for 24 hours. All the experiments were repeated at least three times with another set of AuNPs, and the results were reproducible. Trace A in Figure 1 (a) is the absorption spectrum of citrate-capped Au nanospheres with absorption maximum at 524 nm and trace B was taken immediately after the addition of dimethoate to nanosphere solution. The subsequent traces were taken at 20-minute interval time up to 5 hours. The next two traces C and D were recorded after 12 and 24 hours, respectively. As can be seen from the spectra, surface plasmon resonance (SPR) band of AuNSs at 524 nm after mixing with dimethoate decreased in intensity and new broad absorption peak emerged at longer wavelength. The absorption intensity of the new absorption peak increased with time, accompanied with further red shift ( Figure 1(a) ). The reduction of the intensity of the original surface plasmon and the appearance of a broad absorption at longer wavelengths noticed in the first 5 hours are attributed to the aggregation of NSs. Aggregation occurred due to replacement of citrate anions on the surface of AuNS with dimethoate which consequently reduced the surface charges of the AuNPs [28] . Because of the high affinity of the sulphur group for gold, dimethoate as sulphur-containing ligand was able to replace the citrate anions on the AuNS surface [29] .
The spectrum of NSs incubated with dimethoate for 24 hours was the same as the spectrum of bare AuNSs ( Figure  1(a) , trace D). This change indicated that the electrostatically attached citrate molecules have been completely replaced by a more stable and covalently bound surface functionalization [30] [31] [32] . Replacing citrate by the sulphur-containing ligands increases the stability of nanogold solutions [33] . The same pattern of nanogold stabilization was noticed after 24 hours of their incubation with different concentrations of dimethoate (Figure 2(a) ). The highest stabilization of NSs was noticed with 1 × 10 −2 M dimethoate, the highest concentration used. Trace A in Figure 1(c) represents the absorption spectrum of CTAB-capped Au nanorods with two plasmon peaks, the dominant one at 765 nm attributed to the surface plasmon resonance along longitudinal direction and peak at 520 nm that represents the surface plasmon resonance along transverse direction. Trace B was taken immediately after the addition of dimethoate to nanorods solution. All the subsequent traces were taken at 20-minute intervals time up to 5 hours. The next two traces C and D were recorded after 12 and 24 hours, respectively. It was noticed that absorption peaks at 765 nm and 520 nm decreased in intensities while only absorption maximum at 756 nm blue shifted. Regarding the fact that no red shift of longitudinal SRP was observed which indicates no side-to-side nanorods interaction and even though blue shift occurred but not corresponding growth of band at 520 nm there are no indication of end-toend nanorods interaction. Moreover, we observe that after 24 hours of nanorods incubation with dimethoate the width of the bands was constant (Figure 1(c) , trace D), indicating a good dispersion of the nanoparticles in the solution which confirmed that no aggregation occurred [34] [35] [36] . The same behavior of NRs was noticed after 24 hours of their incubation with different concentrations of dimethoate (Figure 2(b) ). As expected, positions of LSRP bands vary as a function of pesticide concentration. Since red shift was not observed, we can conclude that NRs did not aggregate. As dimethoate is neutral compound, stable in acid to neutral conditions with one sulphur atom accessible for interaction, while CTABcapped nanorods are positively charged, we suppose that dimethoate can only weakly adsorb on the CTAB double layer through electrostatic forces and not on the AuNRs' surface. Moreover, as the CTAB is preferentially bound onto lateral facets of nanorods, leaving the ends uncoated [35] , there is a probability for the dimethoate to covalently bind on the nanorod ends. These changes of the AuNRs environment could explain LSRP slight blue shift (Figure 1(b) ).
Since the changes in the characteristic SPR bands in both NPs solutions in the presence of dimethoate were recorded for 24 hours, the kinetics of NPs interaction with dimethoate are depicted in Figures 1(b) and 1(d) . Results in the figures represent the change of absorbance at 524 and 720 nm for AuNSs and at 520 and 765 nm for AuNRs in time. The shape of the kinetic curves clearly indicates that the spectral changes follow at least two processes in both cases. The fast process, which occurs within a few seconds after mixing of dimethoate with NSs suspension, can be ascribed to the sorption of OP on NSs' surfaces ( Figure 1(b), 524 ) . The next phase indicates that the aggregation of functionalized NSs occurs, followed by the drastic changes of absorption band at 524 nm. The last phase shows the increase of 524 nm band intensity, characteristic of stable AuNPs suspension. These phases are also very well recognized by spectral changes of absorption band at 720 nm (Figure 1(b), 720 ) .
The spectral changes of NRs characteristic bands at 765 nm and 520 nm presented in Figure 1(d) indicated the fast process of dimethoate adsorption onto AuNRs which occurred in a few seconds. The spectral changes that followed in the second phase indicated reaching of equilibrium. No further changes of the bands intensity were noticed till the end of the incubation period.
TEM Analysis.
In order to determine the dimension of synthesized nanoparticles in the absence and presence of dimethoate, TEM was performed. The average particle diameter of citrate-capped nanospheres obtained from TEM measurements is 26.6 ± 5.5 (Figure 3(a) ) while the CTABcapped nanorods length is 45.4 ± 6.9 with diameter 15.9 ± 2.4, with an average aspect ratio of 2.5 ( Figure 3(c) ). After addition of 0.5 × 10 −3 M dimethoate in nanoparticles solutions and 24 hours of their incubation, the TEM images indicated that there were no changes in the NPs shape and size (Figures 3(b)  and 3(d) ).
AFM Analysis.
To record structural and morphological changes of AuNPs before and after their 24 hours of incubation with 0.5×10 −3 M dimethoate, AFM study was conducted. The tapping mode dissemination images of bare AuNSs and Journal of Nanomaterials 
FTIR Analysis.
To understand the involvement of the active groups of dimethoate in its adsorption to AuNP surfaces, FTIR spectra were recorded. The FTIR spectrum (Figure 5(a)(B) ), amide I band is shifted towards higher frequency (1652 cm −1 ), and amide II band splits into two peaks at 1558 cm −1 and 1540 cm −1 [37] . The peaks of C-H stretching vibration kept the same position, whereas the peaks of N-H stretching vibration appeared at higher wave numbers 3094 cm −1 and 3292 cm −1 compared with corresponding peaks of dimethoate alone. Very similar changes were noticed after addition of NRs to the dimethoate solution, as it can be seen in the 1600-1400 cm −1 range of the spectrum ( Figure 5(b)(C) ).
Two narrow bands appearing at 2850 cm −1 and 2918 cm
stem from symmetric and asymmetric stretching vibrations of the C-H bonds of CTAB molecule, respectively [36] . The observed spectral changes suggest that interactions between dimethoate and AuNPs occurred [37] . In case of AuNSs obviously dimethoate interacted directly with gold; that is, dimethoate replaced the citrate ions on the surface of the AuNSs [22] . On the other side, it seems that dimethoate interacted with AuNRs via CTAB [36, 38, 39] . These results are in accordance with results obtained spectrophotometrically.
Adsorption Isotherms Analysis.
To quantify the amount of adsorbed dimethoate on 100 mg/L AuNPs as a function of its concentration in the range from 2 to 1150 mg/L at 25 ∘ C the adsorption isotherms were used. The equilibrium of sorption was evaluated by two-parameter and Langmuir and Freundlich isotherm models. The Langmuir isotherm model is the most widely used equation, which assumes monolayer adsorption onto a surface containing a limited number of adsorption sites and without any interactions between adsorbate molecules on adjacent sites [40, 41] . Its linear form is expressed by the following equation:
where (mg/L) is the equilibrium adsorbate concentration, (mg/g) is the amount of adsorbate adsorbed per unit mass of adsorbent, 0 is the maximum mass adsorbed under saturation conditions per mass unit of adsorbent (mg/g), and
is the equilibrium constant with units of inverse of concentration (L/mg). 0 and are the Langmuir constants related to the adsorption capacity and the rate of adsorption, respectively. After plotting of / against , a straight line was obtained, indicating that the adsorption of dimethoate on the AuNPs follows the Langmuir isotherm. Another important parameter which is a dimensionless constant called the separation factor ( ) for indicating the type of adsorption using the Langmuir constant ( ) is evaluated as follows [42] :
where 0 is the initial dimethoate concentration (mg/L). value indicates the type of adsorption to be either favorable
The Freundlich isotherm model on the other hand takes heterogeneous systems into account and is not restricted to the formation of the monolayer [43] . The linear form of the Freundlich equation is
where is the amount adsorbed at equilibrium (mg/g) and is the equilibrium concentration of dimethoate. and n are Freundlich constants, where (mg/g) is the adsorption capacity of the adsorbent and with n value giving an indication of how favorable the adsorption process. The slope 1/n ranging between 0 and 1 is a measure of adsorption intensity or surface heterogeneity becoming more heterogeneous as its value gets closer to 0 [44] . The Langmuir and Freundlich isotherms for the adsorption of dimethoate molecules by AuNPs were plotted, and isotherm parameters and correlation coefficients ( 2 ) were calculated and reported in Table 1 . As shown in Table 1 , the Langmuir isotherm with correlation coefficients of 0.960 and 0.999 represents a better fit of experimental data compared to Freundlich isotherm with correlation coefficients of 0.924 and 0.903, for nanospheres and nanorods, respectively. Also, comparison of experimental adsorption isotherms of dimethoate with nonlinear Langmuir and Freundlich models is presented in Figure 6 for dimethoate adsorption onto AuNSs' and AuNRs' surfaces. Moreover, the maximum adsorption capacity, presented in Table 1 as 0 for the Langmuir model, is much higher for nanospheres than for nanorods, that is, 456 mg/g and 57.1 mg/g, respectively. values were less than 1 and greater than 0 (Table 1) indicating favorable and rather irreversible adsorption of dimethoate to both types of nanoparticles. The values of 1/n less than 1 for both types of nanoparticles showed the favorable nature of dimethoate molecule adsorption onto Au nanoparticles ( Table 1 ). The major differences between the two types of nanoparticles used are the surface charge and the shape. The surface charge of the citrate-capped nanospheres is negative while the surface of CTAB-capped nanorods is positive in aqueous solution since washing does not remove CTAB from NR surface completely [22, 45] . Regarding different shapes of the two types of nanoparticles and the presence of various facets to which stabilizing ligands bind [46, 47] it is expected that adsorption orientation of dimethoate molecules to surface ligands of spheres and rods varies [48] . It is more likely that surface capping has the higher impact on the adsorption capacity of NPs for dimethoate. Even though the specific surface estimated for NSs is almost the same as the specific surface of NRs, 1.2 × 10 3 and 1.5 × 10 3 cm 2 /g, respectively, much higher capacity of NSs obviously originated from replacing of citrate anions with dimethoate and their covalent binding to gold NSs' surfaces. Furthermore, as already mentioned, dimethoate molecules are most probably covalently binded only on the NRs ends. Different results have been reported by several earlier works for dimethoate and other organophosphorous pesticides adsorption by various materials. Monolith precursor carbonized at 1000 ∘ C, activated with KOH (1 : 2), and heated at 900 ∘ C showed adsorption capacity of 0.062 mg/g for dimethoate [49] . Molecularly imprinted polymers for dimethoate recognition synthesized by the precipitation polymerization technique using methyl methacrylate as the functional monomer and ethylene glycol dimethacrylate (EGDMA) as the cross-linker showed apparent maximum adsorption capacity of 2.4 mg/g and 12.2 mg/g for low and high affinity binding sites, respectively [4] . The results of batch adsorption experiments showed that malathion adsorbs on monetite B2 with adsorption capacity of 52 mg/g [7] . Adsorption capacity of graphene-sand composite prepared from asphalt and sand, for chlorpyrifos, was reported to be 52.6 mg/g in terms of carbon content [50] . Batch tests carried out for adsorption of malathion on granular activated carbon resulted in equilibrium data which fitted well with the Langmuir model and Freundlich model with maximum adsorption capacity of 909.1 mg/g [51] . Our results are in agreement with the results of previous studies for OPs adsorption by different nanomaterials. Isotherm adsorption data for carbonized nanohemp fibers, activated at 900 ∘ C with KOH/carbonized material ratio of 2/1 adsorption of dimethoate, fitted better with Freundlich isotherm and maximum adsorption capacity; that is, value was 47 (mg/g) (L/mg) 1/ . Also, this material showed very homogenous surface with 1/n value 0.6 [52] . Isotherm data in batch experiment show adsorption capacity of 48 mg/g for chlorpyrifos adsorption on graphene-sand nanocomposite [53] . The absorption capacity of another nanomaterial, reduced graphene oxide for chlorpyrifos adsorption observed by Maliyekkal et al., was 1200 mg/g [11] . It is reasonable to claim that AuNSs investigated in this study belong to nanomaterials with high adsorption capacity.
Removal of Dimethoate from Water by Gold NPs.
The effect of adsorbent type and its concentration on dimethoate removal from spiked drinking water was investigated in a batch adsorption technique. The adsorbents (AuNSs and AuNRs) were used at concentration ranging from 2 mg/L to 200 mg/L. The initial dimethoate concentration was 2.5 × 10 −4 M. From the results depicted in Figure 7 it is very obvious that nanospheres have the advantage over nanorods for dimethoate removal. In each case increase in adsorbent concentration resulted in an increase in percent removal of dimethoate. After certain adsorbent dosage the removal efficiency is not increased so significantly. At 20 mg/L of adsorbent dosage, the removal of dimethoate was found to be 12% for nanosphere and 28% for nanorods. At 100 mg/L of nanospheres dimethoate removal was 80% and for the same nanorods dosage dimethoate removal efficiency achieved was 19%. Since concentration of unadsorbed dimethoate at dosage level of 200 mg/L for nanospheres could not be detected by UPLC technique, it is evident that adsorption of dimethoate was between 80% and 100%. The dosage of 200 mg/L of nanorods adsorbed 22% of dimethoate, so it is clear that for nanorods maximum removal efficacy was significantly lower than the one of nanospheres and was achieved at 100 mg/L of nanorods. The results for dimethoate removal are in concordance with maximum adsorption capacity values determined in this work 456 mg/g and 57.1 mg/g for NSs and NRs, respectively. Previously it was published that various organophosphate pesticides malathion, parathion, chlorpyrifos, and dimethoate were removed from simulated contaminated water in a single step using spherical gold nanoparticles produced on the surface of Rhizopus oryzae with efficacy of 85-99% [14] . Also, 85-99% of parathion and chloropyrifos were removed with synthesized nanosilver bioconjugate synthesized through in situ reduction of silver nitrate by a fungal strain of Rhizopus oryzae [15] . Also it was shown that bare gold and silver nanoparticles and those supported on alumina are excellent systems for the removal of the organophosphorous pesticides, chlorpyrifos and malathion, from water [17] . Regarding all the results of this study we can assume that although nanorods possess greater potential as biological and medicinal tools for imaging, sensing, and nanotechnology-driven therapeutics thanks to their morphology over their spherical counterparts [54] [55] [56] nanospheres are more potent for adsorption of dimethoate from water. It should be emphasized that higher potency of NSs for dimethoate adsorption originated from replacing of citrate anions with dimethoate and their covalent binding to gold NSs' surfaces and not from NPs morphology.
Conclusion
The adsorption of organophosphate pesticide dimethoate on AuNSs and AuNRs was investigated in aqueous solution at room temperature for 24 hours, using UV-Vis spectrophotometry, TEM, AFM, and FTIR. It was shown that dimethoate adsorbed on both AuNPs. Its adsorption onto AuNSs was followed by NPs aggregation and eventually their stabilization. That was not the case with AuNRs. The Langmuir adsorption isotherm was found to have the best fit to the experimental data which suggests that monolayer adsorption on a homogeneous surface is the predominant process. However, multilayer adsorption cannot be ruled out as a good 1/ value was obtained for the Freundlich model. Nanospheres showed much higher adsorption capacity compared to nanorods regardless of which isotherm model was used. Consequently, we showed that NSs were more efficient in dimethoate removal from water compared to NRs.
